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Abstract 

During the last year many important results have been achieved in heavy flavour 
physics: New measurements of charm and beauty production have been performed at 
HERA and the Tevatron. A wealth of new spectroscopy data with several new, unex- 
pected states in the charmonium and the Ds systems has been collected and b ^ d'y 
transitions have been established. The oscillation frequency in the BsBs is now mea- 
sured, and mixing in the D^D^ system has been observed. Theoretical progress in 
the areas of open heavy flavour production, quarkonium production and decays, and 
multiquark spectroscopy has been presented at this workshop. 
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1 Experimental Summary 



In this section wc summarize the experimental results from the heavy flavour working group 
[1]. The presentations covered a wide range of topics, from charm, beauty and charmonium 
production in ep and pp collisions, heavy ion results on charm suppression, spectroscopy and 
rare decays, over oscillations in the BgBs and D^D^ systems to the outlook for heavy flavour 
physics at future experiments at the LHC and the ILC. 

1.1 Charm and Beauty Production 
1.1.1 Charm Production 

Charm Production in ep collisions has been studied extensively over the last years at HERA, 
and a wealth of data exist in photoproduction (where the exchanged photon is quasi-real, with 
a virtuality « 0) and deep- inelastic scattering (DIS). The HERA collider experiments, HI 
and ZEUS, have presented new preliminary results on charm production from the HERA-H 
running period [2l [3l [4| . The ZEUS Collaboration reported on two charm measurements in 
DIS with HERA-II data (Fig.[T]): One analysis [2] uses D* mesons to identify charm produc- 
tion, and utilizes 162 pb^^ of new data to achieve improved statistical accuracy compared to 
previous analyses. The second analysis [3] uses mesons instead and is one of the first 
measurements to utilize the new silicon strip Micro Vertex Detector (MVD) of ZEUS. Based 
on 135 pb~^, this analysis achieves similar accuracies as previous ZEUS measurements of the 
inclusive charm cross section in DIS. 

The ZEUS collaboration has recently also finalized two analyses of charm production from 
older HERA-I data [2]. One analysis [5] covers the region of very low momentum transfer 
(0.05 < < 0.7 GeV^) at the transition between photoproduction and DIS. The data 
provide a good test of perturbative QCD calculations, which are available in NLO, and are 
well described by massive calculations in the fixed flavour number scheme, as implemented 
in the HVQDIS program [6]. In the second analysis [7], the pseudoscalar states D", 
and are reconstructed, rather than the vector state £'*"'', which allows a measurement of 
the fragmentation fractions, which turn out to be compatible with those measured in e^e~ 
annihilation and in photoproduction [51 [3] • The inclusive charm cross section derived from 
this measurement is consistent with previous results. Also a new, preliminary measurement 
of charm fragmentation was presented by the ZEUS collaboration j8j, which shows broad 
agreement with other measurements from HI [4], and also with measurements from e^e^ 
experiments. 

Another new measurement of _D* production in DIS, based on 222 pb^^ of HERA-II data, 
was presented by the HI collaboration [4]. Here, differential and double differential visible 
cross sections for D* production were measured and compared to the QCD calculations. 
Overall, these quantities are well described by the NLO predictions of HVQDIS; in fact, the 
data uncertainties are in many cases smaller than the theory uncertainties from the variation 
of the charm mass and the variation of the renormalization and factorization scales. However, 
in some quantities, most notably the 77 {D*) distribution, even in spite of the relatively large 
theory uncertainties the NLO predictions deviate significantly from the trend observed in 
data. 

This confirms, with higher statistics, the observation made in a recently published anal- 
ysis from the HI collaboration [10l[TT]. However, that analysis goes one step further and 
investigates D* production in DIS in conjunction with jets. As heavy flavour production is 
dominated by boson gluon fusion, a two-jet structure is expected for most of the events. In 
the DIS analysis, one jet in addition to the D* meson is required. Again, HVQDIS describes 
the data satisfactorily, with the notable exception of the azimuthal angle difference be- 
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Figure 1: Compilation of F2 measurements from ZEUS. 



tween the D* and the jet. a quantity which would be almost exactly equal to 180° in leading 
order, where the two charm jets must be back-to-back; hard gluon emission, which enters 
only in NLO, leads to an enhancement at lower values of Ai^, which is underestimated by 
HVQDIS, whereas Monte Carlo models such as CASCADE [12], which include parton show- 
ers as approximation for higher-order gluon radiation, work significantly better. In another 
recent publication [TUl [13], the HI collaboration has investigated charm photoproduction 
with two jets, with very similar findings. 

The results show that charm measurements have now reached a level of accuracy where 
more precise QCD predictions would be desirable. On one hand a full NLO Monte Carlo with 
matched parton showers is needed, as opposed to HVQDIS, which produces only parton four- 
vectors and has been augmented with relatively simple independent fragmentation routines 
to make the extraction of visible cross sections possible. A second way to reduce theory 
uncertainties would be to reduce the variation of input parameters such as the charm mass 
or fragmentation parameters by detailed comparisons between MC predictions and data of 
(double) differential visible cross sections in terms of relevant quantities such as pt {D*) and 
r] (D*). On the other hand, NNLO calculations would provide the most reliable way to reduce 
theory uncertainties, in particular for inclusive quantities such as F^'^. 



1.1.2 Beauty Production 

Beauty production at HERA and the Tevatron has generated a lot of interest in recent years, 
not least because at both colliders inclusive cross sections for beauty production were observed 
that are considerably higher than the expectation from perturbative QCD calculations in 



next-to-leading order. 

Achim Geiser gave an overview over the existing experimental results from HERA, with 
additional glimpses at Tevatron and UAl data [2]. He discussed in detail the issue of scale 
dependence of QCD calculations, where he presented a survey of QCD calculations in different 
orders of as for a number of processes and argued that a good choice for the factorisation and 
renormalisation scales /ir,f would be a scale at which higher order calculations give a result 
that coincides with the calculations at lower order. He observed that this is achieved in most 
of the cases at a scale between 1/4/xo and l^o, where /xq is the "natural" choice of scale such 
as E^, Q"^ + mq, or + ttiq. Based on this observation he argued that the factorisation 
and renormalisation scales should be varied in the range l/4^o < Mr.f < IMOj with a choice 
of /Xr,f = 1/2/zo for the central value, rather than using a variation of l/2^o < Mr,f < 2/j,o, 
as is customary in most HERA publications. He also pointed out that this prescription has 
already been adopted silently by the Tevatron experiments in recent preliminary results. This 
proposal was received well by the audience, as the discussion after the presentation showed. 

New, preliminary results on beauty production were presented by the DO and CDF col- 
laborations |15| . DO has performed a new measurement of muon tagged jet cross sections 
based on 300 pb~^ of data that extends up to pt = 420 GeV. Again, the data he above the 
theory prediction. In a new measurement of inclusive B cross sections, the CDF collabo- 
ration utilizes the decays B iD^,D*^X in addition to the previously used channel and 
B — > J/ipX, with consistent results. These measurements are also consistent with a fixed 
order calculation at next to leading log. 

The first, preliminary HERA-H result on beauty production, based on 39pb~^ of data, 
was presented by the ZEUS collaboration [16]. The results are somewhat higher, but still 
consistent with previous measurements from HI [17] . 

1.2 Charmonium Production 

The inclusive production of charmonium and bottomium states in ep and pp collisions remains 
an intersting testing ground for perturbative QCD, as was shown in a review by Katja Kriiger 
[IB] . The working horse for these investigations are J/il) mesons, where the largest data sets 
are available. While leading order calculations in the colour singlet model [19] fail to describe 
the production rates of J/ip mesons at the Tevatron [20], NRQCD models [21] models have 
been successfully applied there. In these models the production of cc states with different 
colour and spin/parity configuration is calculated perturbativcly, and the transition to bound 
states is described by non-pcrturbativc long distance matrix elements (LDME). which have 
to be determined from data. This allows the production of J mesons by gluon splitting 
into a cc pair, followed by a transition to a J /tp meson, which is predicted to be transversely 
polarized. The observation of such a polarization is therefore considered the "smoking gun" 
for (large) colour octet (CO) contributions. 

However, new data from CDF that were presented at this conference |15j show a clear 
evidence for longitudinal J /ip polarization, which is in contrast to NRQCD expectations. 
New data on ip' polarisation are still not precise enough for firm conclusions. 

A second test of NRQCD predictions is the measurement of the production rates of Xc2 
versus Xci states, which in NRQCD models is expected to follow the spin counting prediction 
of 5/3. New measurements from CDF [22l[T5] give a significantly smaller result for the ratio 
of prompt Xc production: cr(Xc2)/cr(xci) = 0.70 ± OM{stat.) ± 0.04(syst.) ± 0.06(BF). 

After the initial success of the NRQCD model indications for the necessity of large CO 
contributions where also searched for in inelastic J/V' production at HERA. The HI collab- 
oration has presented new, preliminary data from HERA-II on inelastic J production in 
deep inelastic ep scattering [23] . Production rates were measured double differentially in the 



transverse momentum pt and the momentum fraction z of the J/ip meson, and compared to 
Monte Carlo predictions by programs which implement the colour singlet model in leading 
order. These models describe the shape of the measurements quite well, whereas the CO 
contributions in NRQCD models tend to have different pt and z shapes than the CS contri- 
butions. Therefore, the new HI data do not show any clear need for large CO contributions 
to inelastic J/tp production. In the discussion of the results the need was stressed for NLO 
calculations of this process, in the CS as well as in NRQCD models. NLO calculations are 
currently only available in the CS model for photoproduction of J/tp mesons [21], where they 
describe the data from HERA [5S] quite well. 

A different issue in charmonium production is adressed by the new data from HERA-B 
pS] : HERA-B has collected large samples of J/tp and tp' mesons decaying to and e+e~ 

pairs, which made it possible to investigate the dependence of charmonium production on 
the atomic weight A in a new range of Feynman-xp, extending the range covered by the 
experiments down to .tf = —0.35, which is a region where theoretical models make widely 
different predictions. 

1.3 Heavy Ion Results 

The new results from heavy ion experiments at RHIC have been reviewed in this conference 
by William Zajc [57]. Therefore we only briefly highlight some of the new results presented 
in the heavy flavour session. 

New results on heavy quark production in Au+Au collisions were presented by the 
PHENIX [5HI and the STAR [22 collaborations. Due to their larger mass and the dead 
cone effect, charm quarks are expected to lose energy at a smaller rate than light quarks. 
The observation of suprcssion of electrons from charm decays in central Au+Au collisions 
[28l [SO] [29l [31] therefore comes as a surprise. It appears that charm quarks participate in the 
flow of the opaque hadronic medium just as much as light quarks, which means that they 
thermalize more quickly than expected in many theoretical models. 

The PHENIX collaboration has also presented new measurements of J/tp suppression 
in Au+Au collisions [321 133| . These measurements, which are performed in two rapidity 
ranges |y| < 0.35 and 1.2 < y < 2.2, show a signiflcant suppression of J/tp production in 
Au+Au collisions, which is stronger at large rapidities than at central rapidity values. The 
explanation of this rapidity dependence is a real challenge to theoretical models. 

1.4 Spectroscopy and Rare Decays 

The large data sets from the B factory experiments BaBar and Belle, from CLEO-c and from 
the Tevatron experiments CDF and DO have lead to a renewed interest in the spectroscopy 
of charm and bottom hadrons with beautyful results, and have opened the possibility to 
identify extremely rare decays. 

1.4.1 The Charmonium System 

In the charmonium system, finally all expected charmonium states below the D-mcson thresh- 
old have now been firmly identified. One of last two missing states, the 77^, has now seen by 
BaBar, CLEO-c, and Belle [Ml [55] , at an average mass of m{rj'^) = 3638±4MeV. This allows 
a comparison of the hyper fine splitting of the IS" and 2S states in the charmonium system, 
which are Arnhf (15") = 117 ± 1 MeV and Amhf (25) = 48 ±AMeV] the large difference of 
these values poses a challenge to theory [34] . 

The long elusive state has observed by CLEO-c [34] [36] in the decay chain tp{2S) 
TT^hc, he jrjc, with a mass of m{hc) = 3524.4 ± 0.6 ± 0.4MeV, which corresponds to a 



hyper fine splitting between the he and the center of gravity of the Xc0,i,2 states of mhi{lP) = 
+1.0 ± 0.6 ± 0.4MeV, consistent with the expected value of zero. Meanwhile, CLEO-c has 
increased its ip{2S) sample eightfold, which yield the promise of further, improved results. 

In addition to these expected charmonium states, recent years have seen the discovery of 
several unexpected charmonium-like resonances: 

New results were obtained on the X(3872), which is already considered firmly established 
by the PDG [37], and on the y(3940) and y(4260). Results were also presented on two 
additional states, the X(3940) and the Z(3930). 

For the X(3872), one explanation that has been put forward is the interpretation as a 
1)0 jjo* molecule. CLEO has performed a new measurement of the mass [31]: m{D^) = 
1864.847±0.150(stat.)±0.095(s?/si.)MeV [3H1- The total uncertainty of this measurement of 
0.178 MeV is a factor of 2.2 better than the uncertainty of 0.4 MeV of the 2006 world average 
[37] . Combinig this result with the PDG06 value of the X(3872) mass of 3871.2 ± 0.5 MeV 
results in a very small binding energy of Eh = 0.6 ± 0.6MeV for a D^D'^* molecule [34] . 
Meanwhile, Belle and BaBar have also found indications for the X(3872) in the decays 
B D°D°Tr°K (Belle) and B D°D°*K (BaBar) [33]. In these channels, the observed 
mass values for the X(3872) of m = 3875.4 ± 0.7^2:0 MeV (Belle) gD] and m = 3875.6 ± 
0.7tli MeV (BaBar) are 2.5 ct higher than the current world average. Belle also concludes 
that the quantum numbers J^*^ = 1++ are favoured if the observed enhancement is indeed 
the X(3872). All in all, the interpretation of this state remains unclear. 

New data were also presented on the 1^(4260) [3^, which was first observed in initial state 
radiation events at BaBar. BaBar sets a limit gT] of BR{Y {A260) -> D D) / B R{Y {A260) 
J/i/) TT+TT") < 7.6, which is a further indication that the 1^(4260) is not a conventional char- 
monium state. CLEO has also confirmed the 1^(4260) [331 [Hj, and finds [U its mass to be 
m = 4284li[g (stat) ± 4(sysi.)MeV, in poor agreement with the original BaBar measurement 
[33] of m = 4259 ± 8t^ MeV. The latest Belle [Ml Si] result m = 4295 ± 10^^°MeV is 
consistent with the CLEO measurement. 

The discovery of new, unexpected charmonium-like states has also triggered new investi- 
gations of R = a{e+e- hadrons) / a[e+ e- m+m") at Belle and CLEO [46l|42l|43l|45] . 
These scans show a marked dip around the F(4260). Belle, BaBar and CLEO have also 
looked [3S1 SIl I33I3HI into the more exclusive channels e+e^ D'--*'>D^*\ A weak signal for 
the y(4260) is seen in the DD* channel, no signal in the DD channel, and a dip, similar to 
the one observed in the inclusive R measurement, is observed in the D*D* channel around 
the y(4260) resonance. 

Meanwhile, BaBar observes yet another state [321I3S] in initial state production of e~^e~ 
ij;{2S)-K+Tr- at a mass of m = 4324 ± 24 MeV and a width of T = 172 ± 33 MeV, which is 
incompatible with the y(4260) or other known states such as the '0(4415). 

Three more states observed by Belle [Ml [50], termed X(3940), F(3940), and Z(3930), 
may have an interpretation as conventional charmonium states, namely the 77c (35') [3 ^So], the 
X^i[2 3Pi] and the x^2[2'^2]. 

1.4.2 Charmed, Strange Mesons 

In the sector of charmed, strange mesons new measurements were presented by BaBar and 
Belle [39]. In addition to new measurements of the properties of the D*o(2317) and 1)31(2460), 
another new state, termed Z)*j(2860), has been identified by BaBar [^T] with a mass m = 
2856.6 ± 1.5 ± 5.0MeV and a spin parity assignment = 0+, 1~, 2+, .... In addition, a hint 
for another state with m = 2688 ± 4 ± 3MeV has also been observed. Furthermore, Belle, 
in a Dalitz analysis of the decay B^ — > D^D^K^ ^ sees indications for a state £'sj(2700) 
with m = 2715 ± lll^4MeV, with quantum numbers = 1~ favoured. The theoretical 



interpretation of these states is not yet clear. While the D*g(2317) and Dsi(2460) states 
can be explained as 0+ and l"*" P-wave cs states, their masses are substantially lower than 
expected from potential models. The interpretation of the other states is still less clear. 

1.4.3 Charmed Baryons 

Coming to charmed baryons, BaBar and Belle have reported discoveries of several new states 
[15] . Both observe the new state Ac(2940)+ in the channels D'^p (BaBar) and A+tt+tt" (Belle) 
[5^ . The Belle discovery of the new charmed, strange baryons 5^(2980)+ and Sc(3077)+ has 
been confirmed by BaBar [53| . and Belle sees also some evidence for the isospin partners 
Sc(2980)" and Sc(3077)°. BaBar has also reported the first observation of the fi*, an excited 
CSS state [54]. 

1.4.4 Bottom Mesons 

In the B meson sector, the progress comes from the Tevatron experiments CDF and DO [55] . 
The has already been observed by both experiments, now CDF reports the first direct 
observation of the in the exclusive decay channel J/ip-K'^, which allows a very 

precise mass measurement with the preliminary result of m{B^) = 6276.5 ± 4.0 ± 2.7 MeV, 
while the uncertainty on the old world average was 400 MeV. The r/b is last spin singlet 
ground state in the bottomium sector that has not been unambiguously discovered yet. CDF 
has performed a new search for the decay 77b — ^ J/tp J/''Pj without indications for a signal. 
Both, DO and CDF, report first direct observations on orbitally excited B mesons with L ~ 1 
by looking for decays B** i3'*)+7r~. Both see clear evidence for Bi and B2 states. With 
a similar analysis of the channels B** — > B^*^ + K~ both experiments observe also the B*2 
state, in addition CDF reports evidence for the B^i state. 

1.4.5 Bottom Baryons 

In the bottom baryon sector, where up to now the A" is the only well established particle, 
CDF performed a blind analysis of the decay channel A^tt^; after unblinding, four resonances 
were found with significances greater than 5 cr, which constitute the first direct observation 
of eI^*-* baryons. The resonances are identified as the Ej^ and the E,*^. 

1.4.6 Rare Decays 

In the field of rare decays, the large data sets of altogether more than 1 billion BB events 
obtained at the B factory experiments allow more and more precise measurements of b —f sj 
decay modes [56], which are interesting because in the Standard Model they are forbidden 
at tree level and proceed through loop diagrams. In extensions of the Standard Model, ad- 
ditional particles contribute to the loops, which may lead to observable deviations of the 
transition rates from the expected SM values. While the b sj decay channels are investi- 
gated with higher and higher precision, the large statistics now allows even the measurement 
of b dj transitions, which were first observed by Belle in 2005 [57]. The latest com- 
pilation from the Heavy Flavour Averaging Group [58| contains 20 measured b — > s/dj 
decay channels, with branching fractions as small as 4.6 • 10"^ for i?*^ ujj and precisions 
down to 6.5 % for _B+ — > /^+7r+7r~7. The 2006 average for b ^ sj decays [59] is now 
BR{B Xs-f) = (3.55 ± 0.26) • 10~-^, which is on the high side of recent NNLO predictions 
[56] [60]. The latest measurements from BaBar and Belle oi B p/^J [SI] are particularly 
impressive, measuring branching fractions around 10~^, in some cases with more than 5 a 
significance. From a combination of the b — > d/sj measurements from Belle and BaBar, a 
constraint of |Vtd/V"ts| = 0. 202^0 °lliexp.) ± 0.015{theor.) has been derived. 



A very difficult, but interesting decay channel is t'^v [55115^ . which has been ob- 

served by Belle at 3.5 a significance with a branching ratio of BR r+P) = (l-79j;g;4g lo;4g)- 

10"'', while BaBar measures (O.SSlJ^;^? ± 0.11) • lO'^, or, translated into a 90% CL limit, 
BR{B+ T+D) < 1.8 • 10"''. The combination of both results yields (1.31 ± 0.48) • 10""*, 
corresponding to a 2.5 a evidence. This result can be used to derive limits on the mass 
in SUSY models. 

After the observation of Bg oscillations, the search for the decays i?s,d ^ /^^M^ might be 
considered the next race in B physics. The Standard Model expectations for these decays 
are extremely small, and probably out of reach for current experiments; BR(Bs fj,'^fj,~) = 
(3.42 ± 0.54) • 10-9 and BR{Bd pL+^-) = (1.0 ± 0.14) • 10"!". Again, these decays can 
only proceed through loop diagrams in the SM, and contributions from new particles may 
increase the rate by orders of magnitude [63j . Both Tevatron experiments have searched 
for the Bs /^^M" decay and have reported new, preliminary results based on new Run-II 
data. The limits are BR{Bg M"^M") < 10 • 10-^(9.3 • 10"^) from CDF (DO); these limits 
correspond to branching ratios that are 29 (27) times larger than the SM expectation. CDF 
has also reported a preliminary limit for Bd decays: BR{Bd j.i'^fi") < 2.3 • lO"'^, which is 
230 times greater than the SM expectation. 

1.5 Mixing and Oscillations 

While oscillations have long been established and thoroughly investigated in the K^K'^ and 
B^B^ systems, until recently the frequency of the BsBs oscillations had not been measured, 
and no firm signal for mixing in the D^D^ system had been observed. During the last year, 
both these gaps in our knowledge of neutral meson mixing have been filled. 

The Bs oscillation frequency has now been measured by the Tevatron experiments |64| . 
After the first report on a double sided limit for the Bg oscillation frequency of 17 < Atos < 
21ps~^ at 90% CL from the DO collaboration [5S], CDF has for the first time observed a 
nonzero oscillation amplitude with more than 3 a significance |66| , at a frequency Amg = 
17.77 ± 0.10 ± 0.07 ps-\ consistent with the DO result. 

Meanwhile, the DO collaboration has gone several steps further. 

Based on a sample of 1.1 fb""'^ of decays Bs — *■ J/ilxp, DO has made a new measurement 
[57] of the difference between the lifetimes of the long and short lived B^ eigenstates. Both 
states can decay to the J/^cj) final state, and by fitting the decay angle distributions their 
respective contributions to the sample at different eigentimcs can be determined, with the 
result AFg = 0.17 ± 0.09 ± 0.02 ps~^. For the first time, the DO collaboration has used this 
data also to extract the CP violating phase (j>s , which is the relative phase of the off-diagonal 
elements of the mass and decay matrices in the BgBs basis, from this data: = —0.79 ± 
0.56{stat.)tolt{syst.). The SM prediction for 0^ is very small, namely 0s = (4.2 ± 1.4) • 10"^ 
[68]. 

DO has also reported on a new measurement [69] of the branching ratio BR {Bs — *■ 
£)(*)£)(*)) = 0.039t°;°i[^(stat.)t° °^^(syst.), which is lower than the only pre-existing mea- 
surement from ALEPH. This branching ratio is linked theoretically to the width difference 
Arf ^ between the CP-even and odd B^ eigenstates. The resulting constraint is AFf ^/Fg = 
0.079iro^«(.tat.)iro3J,(^yst.)._ _ 

While the difficulty in Bs mixing lies in the fact that the mixing is almost perfect because 
the oscillations occur much faster than the decay, the situation is reversed in the D^D^ 
system. Here, the Standard Model prediction for the mixing parameters x = Am/F and 
y ~ AF/2F are very small [JS], of the order lO^^ "^^, which means that the decays 
much faster than one oscillation period lasts. Again, additional particles in the loop may 
increase the mixing, which could indicate new physics. In particular, new physics processes 
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Figure 2: Proper time distribution of the D° /v +7r~ (wrong-sign WS) decays from BaBar 

such as Flavour- Changing Neutral Currents, SUSY particles etc. would increase x (i.e., the 
oscillation frequency), but not y (the lifetime difference). 

Until march of this year, the no-mixing case had been disfavoured with a significance of 
2.1 (2.3) cr by Belle (BaBar) analyses [7D]. Then both collaborations published two papers 
titled "Evidence for _D"Z)" mixing" side by side in Physics Review Letters [71], both reporting 
more than 3cr evidence for oscillations. 

The Belle analysis is based on 540 fb~^ of data and measures the difference in apparent 
lifetime for the CP even decays D'^ K^K~ ,7r^Tr~ to the lifetime of the decay — > 
K^TT^. The data show indications for mixing with 3.2 cr significance. In addition, the Belle 
collaboration has performed a Dalitz analysis of the decay Xg7r~7r+, which provides 

the most sensitive result on x to date: x — (0.80±0.29±0.17) % and disfavours the no-mixing 
solution with 2.7 tr significance [46ll72]. 

The BaBar analysis uses 384 fb~^ of data and analyses the decays — > ii'^7r+, A'+7r~. 
The dominant decay mode is the right-sign (RS) decay mode to K~Tr^, while the wrong- 
sign (WS) decay mode to K~^tt~ may occur as doubly Cabibbo-suppressed (DCS) decay or 
through mixing. These two mechanisms are separated by the analysis of the time dependence 
of the decay, see Fig [2l From this data, BaBar can exclude the no-mixing hypothesis with 

3.9cr. 

1.6 Future Experiments 

Looking ahead into the future, first beams at the LHC are now expected in early 2008. Heavy 
flavour physics will be of interest at the experiments ATLAS, CMS [73] and LHCb [71) . 

In ATLAS and CMS, the expected rates for beauty production are high: at a luminosity 
of £ = 1033cm-2s-\ around 10^ bb pairs will be produced per second, which should allow 
high precision measurements despite the difficult environment. The big challenge here is to 
set up a reasonably efficient trigger, because bottom quarks are predominantly produced at 
relatively low transverse momenta, while the detectors are optimized for high-pt discovery 
physics. 

In the initial, "low" luminosity phase with expected luminosities around £ = 10^'^ cm~^ s~^ 
the ATLAS experiment envisages to use single particle triggers at Level 1, which will be re- 
fined by searches for more complex signatures in the High Level Trigger (HLT) [73] . Channels 
that have been studied include e.g. Bg —>■ Dgir with subsequent decays Dg — > (fnr, states in- 
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volving a electromagnetic signature such as J/'0 ee, K*^, (f)"f, and final states with two 
muons. In the high luminosity mode at £ = lO'^^ cm^^ s^^, Level 1 will predominantly use 
the dimuon channel to identify J /il) or Bg decays to /i/i. CMS will also use muon triggers 
at Level 1, and plans to identify decay vertices from heavy flavour decays in the High Level 
trigger. A number of topics have been studied by both collaborations, such as the measmre- 
ment of inclusive beauty cross sections (CMS), the measurement of sin 2/3 in the golden mode 
B° J/ipKl (ATLAS), analysis of Jj^)^ decays (ATLAS and CMS), and searches 

for rare decays such as Ab A/i//, B^ K* fi^j, or Bs (ATLAS). The ATLAS collab- 

oration has also studied the prospects to measure B^ oscillations. They conclude that they 
could measure Amg with 5 a significance at the current CDF value with the data from one 
year, i.e. 10fb~^. 

CMS has also studied the prospects to measure the B^ mass from decays to J/tpir; 
the expected resolution from lfb~^ of data is 22MeV statistical and 15MeV systematical 
uncertainty, which can be compared to the preliminary CDF result reported in this conference 
[55] , based on 1.1 fb^^, with statistical and systematic errors of 4.0 and 2.7 MeV, respectively. 

The LHCb experiment [71], is an experiment dedicated to the study of B physics at LHC. 
The detector is a single arm spectrometer, optimized to detect b hadrons at pseudo rapidities 
1.9 < 1] < 4.9, and will run at an interaction zone with a relatively low luminosity to reduce 
backgrounds, where one year of running at nominal luminosity will provide 2fb~^ of data. 
The LHCb collaboration has studied the prospects to measure the angles of the unitarity 
triangle; for sin 2/3 they hope to achieve a statistical precision of 0.02 from one year of data 
taking in the golden channel 5° J/i/'/Cg. For the least well determined angle 7, the most 
promising method seems to be the analysis of decays S"'"*" D^K'^ '^ with Z?" decays to 
Ktt, K3tt, tttt and KK, with a comparison of the rates of Cabibbo Favoured and Doubly 
Cabibbo Suppressed decays. The estimated sensitivities are in the range (7(7) « 5° — 15°, 
depending on the actual value of 7. 

An interesting benchmark is provided by the sensitivity of Sd.s ^ which has been 
studied by ATLAS, CMS [Z3|, and LHCb [Tj. Recall that currently CDF and DO have 
reported upper limits of 100 • 10~^ for the branching ratio [63] based on samples of 2fb~^ 
(DO) and 0.78 fb~^ (CDF); these limits lie about 30 times above the SM expectation of 
3.4 • 10~^. A recent ATLAS study concludes that with an integrated luminosity of 30fb~^, 
corresponding to about three year's running in the low luminosity mode, an upper limit of 
6.6-10"^ at 90 % CL is achieveable, which is about a factor of two above the SM expectation. 
CMS concludes that it could provide a limit of 14- 10~^ (four times the SM expectation) with 
10 fb"""^, i.e. one year's worth of data. LHCb on the other hand, which will operate at lower 
luminosities, claims a sensitivity that would allow a 3 cr observation of the decay Bs 
at the Standard Model branching ratio of 3.4 • 10~^ with 2fb~^, corresponding to one year's 
worth of data [74j at nominal luminosity. 

Looking even farther into the future, Tim Grcenshaw reported on the applications of 
heavy flavour at the planned Innternational Linear Collider (ILC) [75] . an e^e^ collider with 
a centre-of-mass energy between 500 and 1000 GeV. The detector designs for this machine 
forsee a very good flavour separation power, which calls for vertex detectors with spectacular 
performance. Several groups are currently investigating various technologies that could fulfill 
the requirements for the inner pixel detector of an ILC detector. One important application 
of the heavy flavour identification capabilities of such a detector would be the measurement 
of the various branching fractions of a Higgs boson. Even if only one neutral Higgs boson 
were found at the LHC, this would allow to check wether these fractions are consistent with 
the predictions from the Standard Model, where only one Higgs doublet is assumed and 
therefore all branching fractions depend only on the mass of the single physical Higgs boson, 
or whether for instance up- and down-type fcrmions have different couplings to the Higgs, as 



expected for instance in Supcrsymmetric models, which have at least two Higgs doublets. 
1.7 Conclusions for the Experimental Part 

Heavy flavour production at HERA and Tevatron remains an interesting field of research, 
both from the experimental and the theory side. The experimental results become more 
and more precise, which makes it interesting to include them in the determination of parton 
densities, provided that the theoretical obstacles can be overcome and uncertainties arising 
from charm mass and fragmentation functions are treated consistently between experiment 
and theory. The beauty production data have taught us that the calculation of production 
cross sections do not always become more accurate for heavier quarks if there is sufficient 
phase space for QCD dynamics, which is something to keep in mind for LHC, where also the 
top will fall into this category. 

During the last years we have seen a veritable renaissance of hadron spectroscopy. As 
the particle data book fills up, we see more and more results that indicate how incomplete 
our understanding of hadron structure still is, as illustrated by unexpected differences in 
hyperfine splittings in the charmonium sector [34], by unexpected states and masses in the 
cs system |39j . and by the appearance of charmonium-like resonances for which we have no 
ready explanation [MJ [Ml [IS] . While resonances that do not fit into the conventional qq 
picture have been known for a long time in the light meson sector, we now learn that also in 
the heavy quark sector there is more than is written in our philosophy. On the other hand, 
the investigation of rare decays such as tv or B /i/i and other rare processes such 

as D^D'^ mixing, where we wait for results that would point to physics beyond the Standard 
Model, has once again failed to turn up anything unexpected. 

2 Theory 

In this section, we summarize the six theory contributions to the heavy-flavor working group, 
emphasizing computations that have been performed during the years 2006 and 2007 and 
have therefore not yet been presented at previous DIS workshops |76| . We start with new 
perturbative results for inclusive final states, i.e. heavy-quark structure functions and their 
relation to parton densities, and then move on to less inclusive final states, in particular 
quarkonium production and decay and heavy-quark spectroscopy. For the latter we emphasize 
new results from lattice QCD and QCD sum rules. Note that a series of new calculations on 
open heavy-quark production at various colliders in the general-mass variable-flavor number 
scheme (GM-VFNS) has been presented at this workshop in an introductory plenary talk by 
G. Kramer |77| . 

The heavy-quark coefficient functions for deep-inelastic lepton-hadron scattering (DIS) 
in the kinematic regime 3> have been calculated more than ten years ago in next-to- 
leading order (NLO) of QCD by M. Buza et al., using operator product expansion techniques 
|78| . Here and m? stand for the masses squared of the virtual photon and heavy quark 
respectively. The analytical results had been expressed in terms of 48 independent func- 
tions and had been used to check earlier, general calculations, which were, however, only 
accessible via large computer programs. J. Bliimlein has now presented a re-calculation of 
the 0{al) massive operator matrix elements for the twist-2 operators, which contribute to 
the heavy flavor Wilson coefficients in unpolarized DIS in the region ^ m^, using light- 
cone expansion techniques and confirming the above-cited calculation |79| . The application 
of the integration-by-parts method and harmonic sums in Mellin space allowed for a sig- 
nificant compactification of the results, which can now be expressed in terms of the basis 
{Si, S2, S3, S-2, S-3} and 5-2, 1, i.e. of only two independent functions. 



While the proton is just a simple \uud) Fock state in the quark model, the possibility of 
an intrinsic-charm, i.e. a \uudcc), component has repeatedly been put forward in the context 
of light-cone [5D] or meson-cloud models [5T1[52]. W.K. Tung et al. have performed global fits 
of parton density functions (PDFs) , assuming that the charm-density is not only generated 
radiatively at /i = rric and then evolved to Q, but allowing for the possibility of light-cone, 
meson-cloud, or sea-quark like intrinsic charm density [83] . The quality of each fit is measured 
by a global x^, shown in Fig. [3] as a function of the momentum fraction {x)c+c carried by the 
charm quark at the starting scale fj, = rric = 1-3 GeV. For {x)c+c < 0.01, the quality of the fit 
varies very little, i.e. the global analysis of hard-scattering data provides no evidence either 
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Figure 3: Goodness-of-fit vs. momentum fraction of intrinsic charm at the starting scale 
/Li = 1.3 GeV for the light-cone (solid curve), meson-cloud (dashed curve), and sea- like model 
(dotted curve). 

for or against intrinsic charm. Above this point, all three curves in Fig. [3] rise steeply with 
(a;)c+c, so that global fits do place useful upper bounds on intrinsic charm. There is no data 
set that is particularly sensitive to intrinsic charm, but the global QCD analysis rules out the 
possibility of an intrinsic charm component much larger than 0.02 in momentum fraction. A 
variation of the charm quark mass riic shows that the data prefer lower masses around 1.3 
GeV with respect to higher masses of 1.5 GeV. The difference in is in this case almost 
entirely due to the charm contribution to the proton structure function F"^ , which has been 
precisely measured at HERA. 

Turning to less inclusive quantities, the production and decay of heavy quark- antiquark 
bound states (quarkonia Q) is still far from understood. While the effective field theory of 
non-relativistic QCD (NRQCD) has long been believed to be phenomenologically successful 
and is still believed to be theoretically more consistent than the color-singlet model (CSM), 
recent Tcvatron Run II data on the polarization of large-pT J /'^- and T-mesons do not 
support the idea that their production is dominated by color-octet fragmentation processes 
as predicted in NRQCD. Since higher-order QCD corrections are largely imknown (except for 
color-singlet photoproduction [M] , color-singlet and color-octet production in photon-photon 
collisions [551155] and a very recent calculation for direct color-singlet hadroproduction [57]), 
other theoretical frameworks continue to be investigated. One example is the /cy-factorization 



formalism, where the production cross section 



da{pp-.Q + X) - dkl^l ^Hx,,k!^,f,') (1) 

is computed by a double convolution of unintegrated parton densities $ and partonic cross 
section a over longitudinal momentum fractions xi^2 and intrinsic transverse momenta fciT,2T 
of the reggeized partons R in the (anti-)proton p [p). This method has been applied by 
Kniehl et al. to charmonium production at different colliders [55] and now, as V.A. Saleev 
reported, also to bottomonium hadroproduction at the Tevatron [SS]. The long-distance 
operator matrix elements (OMEs) of NRQCD have been refitted to the pT-spectra of prompt 
T mesons at the Tevatron. Since the intrinsic kx leads to a harder pT-spectrum already 
for the color-singlet contributions, the color-octet OMEs turn out to be considerably smaller 
and in many cases even consistent with zero, as their values are not sufficiently constrained 
by the data. In addition, the results depend strongly on the assumed unintegrated parton 
densities, which are poorly known and only constrained to agree with the integrated ones, 

Jo 

As can be seen from Tab. [TJ the quality of the fit, measured by Pcr degree of freedom, 
varies widely with the PDFs from 0.5 to 27. 

Quarkonium decay OMEs can be computed from first principles using lattice QCD, so 
that their determination becomes independent of fits to experimental data or potential model 
assumptions. A. Hart reported about a recent result that matches the electromagnetic vector- 
annihilation current in lattice NRQCD to the one in continuum QCD, which should allow for 
a prediction of the leptonic decay widths of S'-wave bottomonia with ten percent accuracy 
and of the ratio of the 2S and IS T-states with one percent accuracy [HS]. Numerical results 
should be available soon. 

Charmonium [rjc and Xco) decays into two photons have been calculated for the first 
time by Dudek and Edwards, albeit only in the quenched approximation, using relativistic 
valence quarks and a perturbative expansion of the photon-quark coupling, which allows to 
replace the photon by a superposition of QCD states HI]. While the width obtained for 
the XcO (2.41 ± 0.58 ± 0.72 ± 0.48 keV) is in rather good agreement with the experimental 
value (2.84 ± 0.40 keV), the one for the rjc (2.65 ± 0.26 ± 0.80 ± 0.53 keV) is smaller by a 
factor of three (7.14 ± 2.49 keV). This might be due to an incorrect running of the strong 
coupling constant and a depleted wave function at the origin in this calculation. In addition, 
the discretization error might not be reliable, as only one lattice spacing has been used. 

Lansberg and Pham have computed the two-photon widths of ground-state and radially 
excited 77c |92| and rjt mesons |93| with an effective Lagrangian in the static approximation, 
taking into account binding energy effects for the radial excitations. Using heavy-quark spin 
symmetry, they assume equality of the /,,^ ifri^,) and /,//* (/*') decay constants and relate 
the two-photon width of the 77c to the leptonic decay width of the J/^". While good agreement 
with the experimental value is found for the rjc ground state (7.5-10 kcV), their result for ry^ 
(3.5-4.5 kcV) is three times larger than the CLEO measurement (1.3 ±0.6 keV). This may be 
due to the fact that fri> is not equal, but three times smaller than /^/, according to a recent 
lattice calculation in the quenched approximation by Dudek and Edwards [94j . 

Radiative decays of charmonia to light mesons have recently been computed in perturba- 
tive QCD |95] , albeit keeping only the color-singlet wave function contribution and assuming 



Table 1: OMEs of the T{1S,2S,3S) and Xfco(l-P,2P) mesons from fits to CDF data from 
Runs I and II in the Regge-kinematics approach using unintegrated gluon distributions by J. 
Bliimlein (JB), Jung and Salam (JS), and Kimber, Martin and Ryskin (KMR). 
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the light mesons to be also described by non-relativistic color-singlet qq bound states with 
finite constituent quark masses. These have then been used to regularize the one-loop di- 
agrams. The numerical results are given in Tab. [2l Unfortunately a systematic study on 
the theoretical uncertainties with the chosen masses and scales and with respect to possible 

Table 2: Proposed theoretical and measured experimental values for B{J/ip fjl)- 





/o(980) /i(1285) /2(1270) /{(1420) /^(1525) 


Bth X 104 

Sec. X 10* 


1.6 7.0 8.7 1.8 2.0 
6.1 ±0.8 13.8 ±1.4 7.9 ±1.3 4.5tg-^ 



color-octet contributions has not been performed. The calculated J/ijj-decay branching ra- 
tios to the P-wave mesons /2(1270) and /i(1285) fit the data well, while that of /o(980) (if 
treated as an ss meson) is predicted to be 1.6 x 10"^, which implies that /o(1710) can not 
be the ss or {uu + dd)/^/2 meson. Decays of P-wavc charmonia Xcj ~^ 0)7 {J = 0, 1, 2) 
have also been studied. The branching ratio of Xci P7 is predicted to be 1.4 x 10~^, which 
may be tested by CLEO-c and BESIII with future experiments. 

A similar calculation has been performed for the radiative decays of bottomonia into 
charmonia and light mesons, taking into account in addition the sometimes significant QED 



contributions . While the results for radiative decays into truly non-relativistic charmonia 
are likely to be more reliable than those for radiative decays into (in reality relativistic) light 
mesons, these decays remain to be observed. On the other hand, the calculated branching 
ratios for T ^ /2(1270)7 (6.3 x IQ-^) and T ^ /^(1525)7 (2.0 x IQ-^) are only barely 
consistent with recent CLEO data [(1.0 ±0.1) x 10"^ and (3.7 ± 1.2) x 10"^], suggesting that 
the theoretical approach may still need improvement. 

Finally, J.M. Richard reviewed the current status of light and heavy multiquark spec- 
troscopy |97| . While experimental evidence for the uudds pentaquark 9^ seems to vanish, 
a single-charm baryon with a mass of 2940 MeV and a width of approximately 17 MeV has 
recently been confirmed by BaBar, and a double-charm baryon with a mass of 3520 MeV may 
have been observed by the Selex collaboration. Potential models have since long predicted 
the existence of baryons with at least one heavy quark, assuming them to be diquark-quark 
systems that can be described with hyperspherical coordinates. In the meson sector, the 
state X(3940) may be a 1 candidate for a ccg hybrid state, to be described in the Born- 
Oppenheimer approximation with classical constituent gluons. A second recently confirmed 
state is the X(3872), which QCD sum rules predict to be a 1"'""'" ccqq bound state, even if 
the theoretical mass found is slightly larger (3925 ± 127 MeV) [HH]- 
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